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Index

# Features. FM, H, TT (Fundamental Matriz, Homography and Trifocal Tensor)

# Visual mobile robot control
> FM based
> H based
> 1T based
> Long term navigation

# Control of Multi-robot systems
> Data association
> Coordinated motion with epipoles
> Central decision with flying camera on scene - Homography
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Features

# Harris corner extractor

# Lines

@ SIFT

4 SURF
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FM: Fundamental Matriz

Base Line
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FM: Matriz Fundamental

# Fundamental Matrix
> Matrix 3x3 satisfying: X'TFx=0
+ Independent of scene structure

f11 f1i2 fi13
F=|fo1 foo fo3

f31 fa2 f33

> As a dot product:
> (XX, Xy, X, YX, Y,y L, x,y,1)-f=0
> With 8 points we have: A-f=0

+ 8 points=> Solution to scale factor
+ SVD(A) => Singular vector of smallest singular value

F=K;" ([t]xR) K71
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H: Homography

# Projective trasformation between two planes
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H: Homography

-
Xl (111 ’]12 ']13\ Xl
X, |=| h,, h, h,|[X |[<X=HX

X3_ \’]31 LYRLY ) X3
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TT: Trifocal tensor (1D)

V=) Y Yo |
Verticat Tiné from a top view
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TT: Trifocal tensor

)\11‘1=P1V

)\21‘2=P2V

)\3I‘3=P3V
_Pl 1 O 0 | Pl I 0 0
PQ 0] Iro 0] [V,—)\l,—)\g,—)\g,]T:O P2 0 I'o 0 =0
_P3 0 0 1‘3_ P3 0 0 rs

Yim1 Z32'=1 =1 Lk T1(3) T2(5)T3(k) = O

Ti111 =t sin8” — t/sin¢’; T>11 = —t,cos8” 4+ /] cos o’
Ti1o = t,cos@” 4+ t!/sin¢’; Tr1o = t,sin8” — ¢!/ cos
Tio1 = —t,.sin0"” —t!cos®’; Tor1 =t,.cos®’ —t!/sing
Tioo = —tl. cos8” +tllcosb'; Troo = —t,.sinf” + t!/sind’.

The tensor 1D has 2x2x2 elements, wl < 3w—-3+2| —1, 5 features needed
The 2D tensor has 3x3x3 elements

- L
v iy i
B =t
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Nonholonomic Epipolar Visual Servoing — FM based

| |
:
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= =
Target image

Desired epipole
trajectories

des _des
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Features
extraction
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Features

) Current image
extraction
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Nonholonomic Epipolar Visual Servoing — FM based

Target
image
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C Planar motion
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Current >
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C . ogcos(0+) O
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Nonholonomic Epipolar Visual Servoing — FM based

Desired epipole trajectories
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Nonholonomic Epipolar Visual Servoing — FM based
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Nonholonomic Epipolar Visual Servoing — FM based

|Target position | | Target image |
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Nonholonomic Epipolar Visual Servoing — FM based
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Nonholonomic Epipolar Visual Servoing — FM based

Sliding mode control to avoid singularity
The control task is carried out in two steps:

Initial configuration

Intermediate configuration

ya Vi
e =018 2=
C3 e23’ e32 }‘é
First step > e, =0 &, |Second step E _¢
27 VY3
Alignment C Depth
with the 2 correction
target
€ ; 13
(5 =0)&(e5, =0) 512 =€ — 643
= (x=0,4=0 &,=0 = y=0
c, (x=0,§=0) c, %

Final configuration
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Nonholonomic Epipolar Visual Servoing — FM based

# Control goal of the step Solve the stablllzatlon problem in the following error
e23(t) ‘/;:32 _e32 eB2 (t) . . .
Desired trajectories

> Ay Sin(¢2 _V/Z) Ay . d
5 B dy3c0s” (g, -y, 2w v € 5 d e’ (t)=ae23(0)(1+cos 7y J
{ 7= ) o lhys) o - .23 :L(¢2,W2)U—e 2 2 (r j
d €3, (0)
e, (t)=—"—" (1 cos(TtD

- B axSin(¢ nd )
532 o o 0 €3

dysc08% (y,)
where L(¢@,) is the so-called decoupling matrix.
Sliding mode control with sliding surfaces
d } 0

S= {SC} |:§23:| |:e23 —€y3
o d
St §32 e32 o esz

system, where &,3 =€,; —

Decoupling-based controller.
d23 2 2 . . .
U. — {Udb}zl{ 0 — Spars )}{Uc} Singularity if
db 2
Wy, Oye | COS (¢2 _WZ) —CO0S Wz) ¢2 —W, = nz

where u, = 933 —AS — KcSign(Sc )

U, = egz — A4S, _KtSign(St)
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Nonholonomic Epipolar Visual Servoing — FM based

A singular pose is shown in the figure

¢—y =arctan(e,/a,)=0

Bounded controller. These inputs don’t use the decoupling matrix
U. = U | _ K, sign(st sin(g, _‘//2))
" L -k, sign(s) |
This is a local control law for the error system.

By switching between controllers accordingly, robust global stabilization of the error
system is achieved.

d Ld Robust Control Law
923,932 T
,| Decoupling ®
Epipolar €231 €32 Based control [ Ly If  [e5 < T, u
u N
Geometry v ® Then b
b, — _| Bounded [ LElse u,
© control u,

Informética e
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Nonholonomic Epipolar Visual Servoing — FM based
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Nonholonomic Epipolar Visual Servoing — FM based
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Nonholonomic Homography based — H based

# Two images can be geometrically linked by a
homography

# The homography is generated by a plane of the
scene

# The homography can be computed from point

matches
hi1 hi2 hi3
H=| ho1 ho2 ho3
hz1 h3z h3z3
2= Hp;
@ Goal: H=1
Tae  Deparamentode ( Carlos Sagues B cningenieria de Aragon
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Nonholonomic Homography based — H based

# The homography is related to camera motion:

nT
H=K(R—tF)K_1

# Planar motion:

h11 = cos¢ + (zcos ¢ + zsin )¢

i ] h1p = 2£(z CcOS ¢ + 2 Sin ¢)
h h h 12=25 y
H = él 12 (1)3 . h13:of;; (Sinqb-l—(:BCOqu—l—zSinqﬁ)%')
— with: | h31 = a% (— sing + (—zsing + zCOSqﬁ)%ﬂ)
; hz1 hzp> h33 i h3o = o%y(_m Sin ¢ + 2 cos ¢) 2

hzz = COS¢ + (—xSin ¢ + 2 COS )7

\

# Non-linear relation of H with state system:

(z, 2, )T <——=> hyy
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Nonholonomic Homography based VS

# 2 dof system — Two elements of the homography are enough to define the control

# Derivatives of the output functions:

{ h13 — O h,33w

h33=%v—mw

Oy

# State space form
« ‘State vector: X = (z,z,¢)7T
{ y h(X) with: < Input vector: u = (v,w)?’
Output vector: y = (hq3, hzz)T
# Linear relation between the input and output

O azh
( v ) — L1 ( 13 ) with: L = [ n mhf’; ]
“ Y33 d T an

axe Fffﬁf&?t"a’c%"::“ ) Carlos Sagues
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Nonholonomic Homography based — H based

# Tracking of the desired trajectories of the homography elements

# Input of the control:

> Exponentially stable error dynamics

( V13 ) _ ( h{3 — k13(h1z — hy3)

33 hds — k33(h3z — hs3)

)

h13

200

100

-100

-200

-300

-400

h13

20 40 60
Time (s)

80 100 0 20 40 60 80 100
Time (s)

0,
# Desired trajectories: 5l
o [ =@~ (-2 + 1) 10l
1 _ e
M) = () (5 +1) + (3h33(0) ~ 1)/2 ~ 15l
d — b (t)
T <t<T h]_3(t) - hi:a((f:f;;)qitET )(t . )2 o -20¢
hgs(t) = ( o ) ((Tg—ﬁﬁ “2n-h Tt 1) +1 25, -
., -20 10
hd.(t) =0 X (m)
t>T 13
2{ hg3(t) =1
o b gt ( Carlos Sagues & enlngenieria Je ragén
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Nonholonomic Homography based — H based
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Epipolar-based control: (

Combination of Epipoles/Homographies for VS

200 200 of
100} 100} -2}
) =
) ) -4l
4] i) —
s of 5 0} £
5 = N -6
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-100 100} _al
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Es

Combination of Epipoles/Homographies for VS

200
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Combination of Epipoles/Homographies for VS

[ Target image ] p

* [T

Extraction
of features ( Cex )

v

Robot

[ Matching
A

Visual Control of Nonholonomic
Vehicles Exploiting Epipoles
and Homography

G. Lopez-Nicolas, J.J. Guerrero and C. Saglés

I Extraction ( .
 ——
of features} | Current image ]

0 —5dcos?(v)  (1—8)hizde (1—8)dyx Ve
vy g Sin(p—1) a2h33n; U vt
W §cos2(dp—1p)  —d8cos2(wh) 1-9 0 V13

Qg Oy azh33 r33
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Combination of Epipoles/Homographies for VS
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Visual control — TT based

* The trifocal tensor is the intrinsic geometry between three views.

It only depends on the camera internal parameters and relative pose.

e The trifocal tensor T,,,.; encapsulates this intrin)%ic geometry.

Matrix notation
T = [Ty, Ty, T3]

[x2] x (ZXZ:LT@) [x3]x = 0343

e12| /621

3
Yy

EX2

€23

Seven correspondences needed
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Visual control — TT based

[Target image][lnitial image]

v v
Extraction Extraction @
of features of features
v v
4 ) ~ v
Feature matching Control |\ ¢
and estimation of p—>@—> | — op
. T " aw robot
the trifocal tensor ijk ijk
\_ )
4
Extraction

Current image ¢

of features
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Visual control — TT based

Particularly the 1D trifocal tensor allows:
Exploit the bearing information.

Reduce the camera calibration parameters required for control (center of projection and
vertical alignment).

The trifocal tensor is a more general geometric constraint than epipolar geometry.
Epipolar geometry is ill-conditioned with short baseline and with planar scenes.
Five corresponding points

15
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Visual control — TT based

# Initial location C, =(x,,y,,4,)
# Target location C,=(0,0,0).

_ _ 8 elements of the tensor:
# Current location (moving camera) C, :(xz, y2,¢2).

T [ty sing, —t, sing, ]
T —1t, C0s@, +t, COSg
T t, cosg, +t, sing
T lez _ t, sih ¢, —t,, COS¢
T, —t, sing, -t Ccos¢
T, t, cosg, —t, sing,
T —t, COS¢g, +t, COS¢
T | | ~t.sing, +t, sing, |

where the relative locations between
cameras are given as

L, | | cosg sing 1%
t, ___Sin¢i Cosg | | Y

for 1 =1,2.

This is an over-constrained measurement
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Visual control — TT based

Values of the trifocal tensor in particular locations
@ When C=C, (th - tX1 ’tyz - tyl) T, =0, T, =0, Ty, + Ty, =0,
Ty =0, Ty, =0, Ty, +T,, =0.

@ When C,=C, (tX2 = O,ty2 =0) T =0, T, =0, Ty, + T, =0,
Ty1 =0, Ty, =0, Ty, +T,, =0.

Time-derivatives of the elements of the tensor

= _ Sing = _ cosgy
Ty = o U + 110, Ty = Y + 100,
- . cosqﬁl - __ sing,
T, = O+ Tp0, Ty, = o UV + 1,50,
T = =Ty, Tom = =Ton, Useful only for
T = —T11,0, T, = —T,,0. orientation control
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Visual control — TT based

# Three variables to desired values but we choose to make a Square control

system.
D T

O

measurements

,. Error
Visual Function > Yo

S 41

# By using two outputs, the tensor provides three possibilities:

First part of the control Second part
_A AL
5 N[ N
Correcting DOF Drawback
. . Non-holonomic constraint does not allow to
1 Orientation and depth (¢’ y) Lateral error (X) correct the remainder lateral error.
. . Unknown final values of the tensor elements to
2 | Orientation and lateral error (¢, X) | Depth (Y) define the control objective.
3 Lateral error and depth (X y) P e—— (¢) Differential-drive allows to correct the remainder
P ! orientation error.
T N © Carlos Sagues AN St i
AiL ot Robotics, Perception and Real Time Group N\ j Unlivgersidaddz;:raggza 37
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Visual control — TT based

Position correction with two selected outputs: E =T + T,

52 = T212 +T221-

T112 +T121 _ Sin¢1 COs ¢1 tx2 . 0
T212 +T221 B COsS ¢1 _Sin¢1 tyz - 0 .
Z*:{[Xz Y, ¢2]T|§1501 96250}

:{[O 0 ¢2]T ¢2€R}

# Control goal of the step — Stabilize the following error system, where € =&, — 651

® When £ =0, &£ =0

# Zero dynamics:

and e, =&, — 52
Desired trajectories
COS¢ T.ini T ini T
6 T Tm 5 T =Ty - d fld =12 12114 cos| —t
ol an U % Mg u-g 2 g
6 sing, ! ' .
? - = Ty =T o] & T, + T /4
T | =22 gy cos(—t
2 T
# The initial orlentatlond¢ introduces uncertainty in this system and a robust
control law is require
Departamento de d ion
' Emiatica g () Carlos Sagues 53 = enlngenieriade Aragén
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Visual control — TT based

Position correction: It is carried out by two controllers, because the first one has a
singularity problem when the robot is reaching the target location.

# Sliding mode control with sliding surfaces:

S:|:51} :|:e1:| :|:§1_éjld:| 0.
S €, (51_520'

# Decoupling-based controller

T222 _T211 T111 _T122
- u . . .
Uy, = |:Udb sin ¢, _cosg, [ 1} Singularity if
Wy T, T, U, |det(M)| =0.

1 At the final location

T_m [(T122 o T111 )Si n ¢1 + (T211 _T222 )COS ¢1 ]' TNm = Tlg]l

- d N - - d -
u, =& - As, —xsign(s,), u, =& — 4,8, —K,sign(s,).

# Bounded controller

. {ﬂ{ k, sign(s,) }
’ W, —k,, sign(s, (Ty, —Ty1)) |
Robust global stabilization of the error system is achieved by commuting from the
decoupling controller to the bounded one if |det(M)| <T,.

i rear#zt'}‘lc%at: o (O Carlos Sagues
N r T t & . . .
AL iversidad Zaragoza Robotics, Perception and Real Time Group
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Visual control — TT based

# Correction orientation: We can use any single tensor element whose dynamics
depends on @ and its final value being zero.
# Control goal of the step — Stabilization of the following dynamics
T =—Tip0.
# A suitable input @ that yields T;,, exponentially stable is
T
o=k, 222 t>r
112

@ When position correction has been reached T,,, =t, Cos¢, , and consequently,
if T,,=0 then ¢, =nxr with neZ ,and the orientation is corrected.
# Although only a rotation is needed, the same bounded translational velocity is used

to maintain the longitudinal position under closed loop control.

v =Kk, sign(s,).

&= enlingenieriade Aragén
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Visual control — TT based

RESULTANT PATH MOTION OF IMAGE POINTS PATH FROM ODOMETRY SEQUENCE OF AQUIRED IMAGES
0z} /
ot Target @ 300 '
of Target
4} 02}
o 100 O il
i o o
06}
— =
E @ -100 9 £
= 10 (0,-8,0% o o] ] = 0.8
e -200 o L8 :
21 * % o
%owow
l -300 o ) izl
16} 500 0 BT 44t @
T T122 - FEEDBACK FOR SECOND STEP A6k
0.1
E=h 5 0 5 0 8 by 05 0 05
x (m) - X (m)
0.1 : : ! : ‘ ! COMPUTED VELOCITIES CONTROLED OUTPUTS
0 10 20 El 40 50 B0 o
COMPUTED VELOCITIES CONTROLED OUTPUTS & o1} 2
7 02t B E 005} ':N '
£ H oo s o} = &
E o ~ o
= = 0.05; : - : : ‘ : ; 05
02 ; ; ; ; ; A ; ; ; ; ; j 2 4 B g5 10 12 14 2 4 B g5 10 12 14
1] 10 20 0 40 50 B0 0 10 20 30 40 50 B0 = = 02
@ 02f 5 01 o O & o
3 =" ® E
ER e o = 0 2
- = : 5 0.4
] 10 20 0 40 50 E 10 20 30 40 50 El S 4 & 8 10 12 14 ] 2 4 & 8 W 12 14
Time (s) Time (s) Time (s) Time (s)

The 1D-TT is computed from synthetic _ |
images of size 1024x768 pixels. :

The desired pose is (0,0,0°). = _.
Virtual scene:

"W Departamento de
an Informatica e
T Ingenieria de Sistemas
.. UniversidadZaragoza
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d
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Visual control with FoV constraints

Inicial
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Visual control with FoV constraints

® Observed target
m Initial positions

m Goal

Carlos Sagues

Q i el
$ en Ingenieria de Aragén
Robotics, Perception and Real Time Group Qg . . 43
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Visual control with FoV constraints

#® The homography between two views is nT 1
related to camera motion: H=KR-t 7) K™

# Planar motion:
h11 = COS¢ + (x COS ¢ + zSin @)
hio = g—z(x COS ¢ + zsin ¢)"}

h11 hio hi3 hi3 = o (singb+(wCOS¢+ZSi”¢)%)

H m— O 1 0 W|th < h31 :alx(—Sind)—l—(—:BSiﬂgb—FZCOSQﬁ)%”)
i h31 h32 h33 i h3p = aly(—a:singb+zcos¢)%’
| h3z =cos¢ + (—xsin¢ + zcos¢) 7
Observed
target:
# Target: Plane of the scene get. m
® Goal: H=1
#® Subgoals: H=... \
Initial V\\I_I/ x
;jii iﬁ%@%ﬁ%&l‘a Fcii[)lgiicsségPierieption and Real Time Group L t,"nl;:’gei:ii;:;d;;?gﬁa 44



http://robots.unizar.es/html/home.php

Visual control with FoV constraints
Particular homographies in particular positions

' h11 hip hiz
He.ep=|] 0 10
' h31 hzp h3z

COS ¢ Qi SIN @
H — 0 1 0
(2,2,6t) —sing; | zng/d Zny/d Ccos? Or+2znz/d
| oy '  COSy yy COS Py COS o4 |
- cosdy O azSing:
Hooo = | oy - 9 H(o,0,0) =1
e O COSy _

en Ingenieria de Aragdn 45
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Visual control with FoV constraints

# Switched control:
Three sequential steps

Step 1.

(2) = (ot +9aa )
wi ]~ \ —kw(h%{ + h33/a2 — 1)

v | —ky(h11 — h33)
w2 —k‘w(h%l + h%3/oz% —1)

Carlos Sagues

) . . en Ingenieria (;e Aragd-r:. 46
Robotics, Perception and Real Time Group
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*Subgoals

Visual control with FoV constraints

#® Switched control: Five sequential steps

G1

Gs3

Goal: G5

y

: Pure rotation until reaching the first T-curve
: Follow the first T-curve forward
: Pure rotation until reaching the second T-curve
: Follow the second T-curve backward

: Pure rotation until reaching desired Goal

Departamento de
Informética e
Ingenieria de Sistemas

Universidad Zaragoza

Carlos Sagues
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Visual control with FoV constraints

#® Switched control: Five sequential steps

step 1: (1 ) ko (h3s = hy)

0 (e
Col) s () - (i)
—kv(h33 — h§3) _ ( vs ) _ ( 0 )
( _kw(hl?) - hf332) ) Step o ws B —kwhi3
A T 0
Step 3 (“’3 ) B ( —kw(h13 — h{3) )

# Subgoals:
> Defined in terms of homography parameters
> Decomposition of the homography

. V2
Step 2: ( oo )

h13 G, Gy cim 4Gy
G; _ (G2—sing)(p~iCos ¢™i+-sin ¢~i) G
hiz = (p COS pFsin d)p> / az + azsing

G;i _ (haz—cos ¢)(—pisin ¢“i4cos ¢%i) G,
| P33 = (—psin gFcos @)p- T Cos ¢

i i’eaﬁft"a’c%a‘: o ) Carlos Sagues
AL iversidad Zaragoza Robotics, Perception and Real Time Group

= enlingenieriade Aragdn 4 8
Universidad Zaragoza



http://robots.unizar.es/html/home.php

Visual control with FoV constraints
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Current
location

Visual control with FoV constraints

Observed

Currentimage / ' Targetimage

]

An Optimal Homography-Based Control
Scheme for Mobile Robots with

Nonholonomic and Field-of-View Constraints

G. Lopez-Nicolas, N. Gans, S. Bhattacharya,
Goal C. Saglés, J.J. Guerrero and S. Hutchinson
location
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Long term navigation

Task: reach a desired position associated with a target image, which
belongs to a visual memory acquired in a teaching phase.

A visual path of n key images is extracted from the visual memory,
which must be followed autonomously in order to reach the target.

n Key
Images

| mwllll
L
e

/_W/[AJ////
& Q’
k\\\\“k\\\\i

Issues in previous work in the literature:

Initiag

1) Constrained field of view of conventional cameras.
2) Change of velocities when change of image.
3) Information about velocity in the visual path.

'A' mfﬁi;ﬁ:%i::emas (g Carlos_ Sagues . . ‘Q s enlingenieria (;e Aragé-r;. 51
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Long term navigation

The omnidirectional cameras can be virtually represented as conventional
cameras when working with points on the sphere.

Each one of the key images is used as target image accordingly.

y

Target location C,=(0,0,0)
Current location C.=(x,v,9)
___________ X o _ g XOOSPHysing
_ Yy COS¢@ — XSIn ¢
Epipoles “
e =a, .
y
Interaction with the robot velocities:
w C:_ax8|2(¢_W)U+ Zax o,
¢., dcos’(p—y)  cos’(p-v)
C et:_aXSIn(?_l//)U
d cos*(i)

s+ enlingenieriade Aragén
Universidad Zaragoza
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Long term navigation

The current epipole gives information of the translation direction and it is directly
related to the required robot rotation to be aligned with the target.

Use of the x-coordinate of the current epipole as feedback information to control the
robot heading and so, to correct the lateral deviation.

Non-null translational velocity v =0 o = kta)fte + .

First component of
the rotational velocity

Second "
component of i-1 i1 » f (¥
the rotational Ct i \?‘ :> ( c )
velocit i

y C; l

o rtamento de
e Informética e

! ! ! Ingenieria de Sistemas
—— Universidad Zaragoza

X;
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Long term navigation

Let us define a tracking error to drive the epipole smoothly to zero for
every segment between key images

{.=6 —¢€ (1) =0.

where ef(t)=e°;0)(l+cos(”tjj,0st£r with r = o
T 1y

el (t)=0, t>7

Control goal — Stabilization of the error system:
- ay Sin(¢_l//) o, ce d
=— - —er.
"= geos’(p-p)” " cosilp-y) " "
Considering that the translational velocity is known, the following rotational

velocity, referred as reference tracking (RT) control, stabilizes the error
system

Co’(j[e _ Sin(é_l//)l) + COSZ(¢_I//)(eg _ kcé/ce)'

X

with k> 0.

P e (g Carlos Sagues
e Robotics, Perception and Real Time Group

s~ Universidad Zaragoza
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Long term navigation

A varying translational velocity according to the shape of the path can be
computed depending on the epipoles between key images.

max min

ki
0 e’ /d .
V=0 __+u.. +Mtanh y Ly
2 o

We propose the following nominal rotational velocity, which is computed
from the epipoles between key images:

ce
—yce _ kmU eki

d

min

So that, the complete rotational velocity (RT+ control) is given as:

0" =k o + .
Switching and stop condition

The switching condition to the next key image or to stop the task is given
when the image error starts to increase, which is defined as follows:

s+ enlingenieriade Aragén
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Long term navigation

PATH IN THE PLANE SEQUENCE OF TARGETS AND CURRENT IMAGES PATH IN THE PLANE SEQUENCE OF AQUIRED IMAGES
ok 450} o Br
Q . 5
] x . " L
AIIID-O::X o o o e R
L o o s | &
gg aax XK % @ 80 -
A el w00y Facs % 8 %e% & ° :
20 Xx%oxx?%"%%g TP % o
ool © xo s =
180 - . o _— 3
A_m_ 100 é
E >
= 50 2r
DD 160 260 360 ADID 560 860
TRANSLATIONAL VELOCITY 1l L :
0A4r e
5L
) CURRENT EPIPOLE
E o3t a 0.04
2 002
D‘ZD 2I£ID AD‘D EIEIII EﬁD WDIDD 12;IID 1AED 1E;]III 1EED 0‘—‘ or
b ROTATIONAL VELOCITY 1 g g . 1 1 |
T -3 2 -1 i 1 2 3 00Zr
o -0.04 L L L L L L L
‘ ‘ g:’ of x (m) o 50 100 150 200 250 300 350
e E 5 ROTATIONAL VELOCITY IMAGE ERROR
-ZDD 260 460 Eétl EEID WDIEID 12‘EIU WAEU 1E~IUEI 1B‘UEI _— L
CURRENT EPIPOLE IMAGE ERROR o w YT
05k 10000 (=2} o
o 0
. % E E_ 20k
o r 5000
° E‘ 8 1D 1 1 1 1 1 1 1 D 1 1 1 1 1 1 1
= q A S S T T S T 0 50 100 150 200 250 300 350 o B0 100 150 200 250 300 350
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800 . . . .
iterations iterations iterations iterations
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>

>

>

Index

# Control of Multi-robot systems
> Data association
> Coordinated motion with epipoles
> Central decision with flying camera on scene - Homography
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Infup‘r!méﬁca &
Ingenieria de Sistemas

Universidad Zaragoza

Carlos Sagues
Robotics, Perception and Real Time Group

&= enlingenieriade Aragén

Universidad Zaragoza

S7


http://robots.unizar.es/html/home.php

Multi-Robot Systems
J Robots communication is
limited
» Wireless network.
» Range-limited.
» Visibility (Comm.)
d Communication graphs
» Nodes: the robots

» Edges: link between
robots that can
exchange data

1 Each robot exchange data with its one-hop neighbors
1 Robots are moving: new edges may appear / previous links disappear
» Communication graphs with switching topology

Tl'. i“ﬁi‘?:'?:;:g::ims (g Carlos_ Sagues ] ] ‘f: | en Ingelb'lieriabt;enragén 58
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Distributed Data Association
# Limited communication: Locally associate features with neighbors

# Propagate local associations through the network

# Inconsistent global associations

Local Associations R2

d Distributed algorithms: el
> propagate local associations s
» detect inconsistencies ﬂ_h

» resolve them

J Additionally, establish
global labels for the
features

—

EEEE 3EE.

Limited
Communication

BN R AN

)

SOI00I0C ' Inconsistency |

ine i’,.?é.’;‘.:_,‘z{}‘;::f:_":‘ 0 Carlos Sagues
Al O dadZaragora Robotics, Perception and Real Time Group
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Distributed Data Assoclation

@ Each robot 7€ {1,...,n} inthe team hasaset S;={fi,.

of m; features .

# |t has executed a local association method # to match its
features S; and its neighbors’ ones S; , for j €N;

F(S.S) = Ay = Al =(F(5,.8))T F(S.8)=A,=1
1 if ' and f7 are associated,
Al = { ! f _

0 otherwise,

r=1....m; and s=1,....m;.

# This information can be represented with graph, where the
nodes are the features of all the robots, and there is a link
between two features if they have been locally matched by

s Fng}

F .
@ The adjacency matrix of this graph is Ay ... A,
with F(S.S) ifje{Mui}, A=|: -
A%'j — .
0 otherwise. A, ... A,
” ﬁ%%%%%&“; giggiicsségPli}erieption and Real Time Group : o mgenieriaéemagé: 60
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Distributed Data Association

# Goal (robot i). Discover for each the features f: , all the
other features which are connected to f' through a path.

# |ldea. If there is a link between features ft and 11 , then
the features connected to /+ and to {7 through a path are
the same.

# Formal. Distributed computation of the powers of the

adjacency matrix,
> Each robot maintain A “ie rows of the adjacency matrix power associated
to its own features, and updates them using data from its neighbors

> For each of this features fﬁ , each robot i obtains all fé? connected to fﬁ
through a path, and detects the inconsistent ones.

= enlngenieriade Aragén 6 1
Universidad Zaragoza
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Distributed Data Association

# |dea: break local associations so that there are no two features from the
same robot related by a path.

> Note that each inconsistency is motivated by, at least, one spurious local link
(false positives).
# All local links are equal ==) Resol. algorithm based on Trees

> For each conflictive feature belonging to the same robot, use it as root of its tree
and incrementally add features linked to it.

> If a feature already belongs to a tree, or receives requests from more than a
tree, it selects one of the trees and erases links to the others.

# Links with quality information ==» Maximum Error Cut

> For each pair of inconsistent features belonging to same robot, select and erase
the link with the largest error that breaks the inconsistency.

Robotih Robotk Robot A Robot F

A
F
Vo «
il
Robat B f i Robot E
V.. v/ A\Y
/ £
fZB flE Errors »
7
A va—a

= -
4
8
c
fi

Robot C Robot D Robot C Robot D

o)

Robot E

e I:Ib‘efpartamem de

npa Informatica e

jfli ngenieria de Sistemas
==~ Universidad Zaragoza
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Distributed Data Association

(a) Merged map
after 5 iterations

# Compute the robot positions in a
common reference frame

# Each robot measures the relative
position of its neighbors

# Distributed map merging scenario
> Local maps aligned before merging
> It only needs to be computed once

(b) Merged map
after 20 iterations

'1' Iﬁ:ﬁ"‘z‘gﬁzzims (g Carlos_ Sagues . . ‘f: | en Ingelb'lieriabt;enragén 63
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Distributed Data Association

— C OMMON
= Exclusive (R1)
== Exclusive (R3)

— COMMoN
m— Exclusive (R1)
= Exclusive (R3)

J— " W m— Exclusive (R5)
2000 e Exclusive (R6) 2000 &f —— Exclusive (R6)
1000 R N 1000 ﬁ' o I3 — Exclusive (R7)
1] H ."'” -
~100 ~ g

—1000 T .
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Multi robot control based on epipoles

Modeled with an undirected graph
G=WE)
Ni={5€eV|(Gj)ec}

Non holonomic motion on the plane

. cos(f;) O
0; 0o 1

-
|

Wy

xX; I Siﬂ(@i) 0 | [ . ]

Polar coordinates
rij; = \/x% -+ 222] c Rzo,
arctan(xz;;/z;;) € (—m/2,m/2],
0;; =0; —0; € (—m,m],

&
L.
[

Carlos Sagues
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Multi robot control based on epipoles

The robots exchange the visual features

Correspondences satisfy the epipolar constraint

o T 8% p; Fijpj =0

® . The epipoles are the null space of F;; and F,Z;.
R s e;; = atan(iy;;)

€j; = atan(wij — sz)

€] The attitude consensus implies the epipoles to be equal
Hij = 0= €ij = €ji

Note that the opposite is not necessarily true

9/,;3' =T = €ij = €44

Carlos Sagues

Robotics, Perception and Real Time Group

N\ 3
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Multi robot control based on epipoles

Define

dij = arctan(%) — arctan(%) c(—m,7],8>0

The “geodesic” in the epipole domain

) dij if |dij| <5
W45 = : SN
—sign(d;;)(m —|d;;|)  otherwise

If the calibration is known, then choosing 0 = «

the exact relative orientation can be computed and we
have a standard consensus problem

4+ enlingenieriade Aragén
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Multi robot control based on epipoles

The distributed controller used by the robots is

w; = K Z wz-j,K>O
JEN;

Properties of the controller
Wij = —Wjj
> icyw; =0

Sign(ez-j) = Sign(ejz-) = |dz'j| < 7T/2

4+ enlingenieriade Aragén
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Multi robot control based on epipoles

Multi-Robot Distributed Visual Coordination ; . . ) 5
Multi-Robot Distributed Visual
Consensus using Epipoles

using Epipoles

Eduardo Montijano, Johan Thunberg,
Xiaoming Hu and Carlos Sagues

Eduardo Montijano, Johan Thunberg,

Multi-Robot Distributed Visual Coordination Xiaoming Hu and Carlos Sagues

using Epipoles

Eduardo Montijano, Johan Thunberg,
Xiaoming Hu and Carlos Sagues

15
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Multi robot control with flying camera (H)

# What? Visual control of mobile robots
> Desired configuration defined by an image
> Task: Navigate to the desired configuration

13
g — g
Image of desired

configuration

g g
W &

Desired configuration

Carlos Sagues Ry P freniao ;
. . . genieria de Aragén
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http://robots.unizar.es/html/home.php

Multi robot control with flying camera (H)

# \What? Visual control of mobile robots

# \Who? Set of nonholonomic vehicles

> Nonholonomic kinematics
+ Cartesian coordinates

+ Polar coordinates

p = v COS«

- v -
a=w—-Sin«
_ p

b=uw

== enlIngenieriade Aragén 7 1

5l ?fﬁf&?ﬂl%":: o ;@ Carlos Sagues
ngenieria de Sistemas g . . . A
AL iversidadZaragoza Robotics, Perception and Real Time Group % UniversidadZaragoza



http://robots.unizar.es/html/home.php

Multi robot control with flying camera (H)

# \What? Visual control of mobile robots
# \Who? Set of nonholonomic vehicles

# How? Flying camera
+ Flying camera looking downward
+ Camera motion unknown
+ Intrinsic camera parameters known
+ Homography: Only visual information

== enlIngenieriade Aragén 7 2
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Multi robot control with flying camera (H)

# \What? Visual control of mobile robots
# \Who? Set of nonholonomic vehicles
# How? Flying camera

# Where? Motion occurs in a planar floor

e This gives additional constraints on the homography
e Only the set of robots may remain common in the scene

~> Image of desired
configuration:

Desired configuration

Departamento de
Informatica e
Ingenieria de Sistemas
Universidad Zaragoza
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Multi robot control with flying camera (H)

# The homography in our framework:
> Multi-robot motion in a planar floor

> Points = Robots => Homography ’ C2

> Camera flies parallel to the floor ‘ /
# Then, the homography is constrained: P2 : n

0
= O
—1

ﬁ

/

o) 0 1

h11 hi12 h13] \
H= | hp1 hoo ho3
0O 0 1 P
Cos¢ Sing —tg/d
H=| —sin¢ cos¢ —ty/d] 7T

# This homography can be computed from a
minimal set of two points/robots

i ?fﬁ?&?ﬂ'ﬁ:a‘: o ) Carlos Sagues
AL o versidadZaragoza Robotics, Perception and Real Time Group

4+ enlingenie
i Universidad Zaragoza
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Multi robot control with flying camera (H)

H'rigid
# |If the robots are in the desired configuration:

> The homography is conjugate to a planar Euclidean transformation
The h hy i t the identit tri
> e homography is not the identity matrix N — (O,O,—l)T

x = (z,y,0)"
Which is coherent with a rigid

Extracting Motion

cos¢ sing his
Hrigz'd: —sSing Cos¢ ho3

parameters ) :
0 0 1 motion. So, the robots are in
the desired formation
Y g ?—ﬁ
w @ H,.ipid »_w
Desired configuration Current image

Desired configuration Current configuration
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Multi robot control with flying camera (H)

Hnonrigid,
# |If the robots are NOT in the desired configuration:

> The homography is a similarity transformation with isotropic scaling s
The H computation with the 2-point method
’ P P n=(0,0,—1)7

_ _ 2NT
Extracting Motion X = (z,y,(s=1)d*)
parameters Which is NOT coherent
with a rigid motion. So, the
robots are not in formation

Hnon'rigid — —ssing sCos¢ ho3

sCOS¢ sSing hi3
0 0 1

- H LN
. . ~— '

W @ nonrigid '
Desired configuration Current image

Desired configuration Current configuration
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Multi robot control with flying camera (H)

H, onri gid (L] —C-QD-T-LQU-Q-L:> H'rigz'd

sCOS¢ ssing hia ]

# We have H
> Robots not in formation
> Nonrigid homography

> Each pair of robots induces a different p' = Hyonrigid P
Homography, valid but not coherent

—s5Sin¢g sCOS¢ hos
0 0 1

nonrigid —

—sSing cos¢ ho3g

Rigid homography 0 0o 1

Robots in formation H _ {
rigid —
Every pair of robots induce the same

cos¢ sing h13]

Homography
# We define a desired homography
> Like the nonrigid homography but being 1/s 0 O
induced b_y keep_ing the motion constrain'_ts H? = H,onrigia| 0 1/s O
> The task is to drive the robots to the desired 0 0O 1
homography
> The desired homography is not constant and d dn—1 1
depends on the robots and camera motion p'=H")""p
T Doty Carlos S y ot g
:Tg;::;:;a?;;t:;:;a Ri[)giicségPlfrieption and Real Time Group tlnnlagei:;:ir;zdzeai?;;a 77
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Multi robot control with flying camera (H)

Image of desired

[Flying

configuration Current image
W @ o/ ’
_— & — \ |
& —=
Target <
homography

A 4

Control law |—>[ Set of robots: ]

()

camera

— ~

e F.’fﬁ?&?&l%".f: o ) Carlos Sagues
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Multi robot control with flying camera (H)

# Image-based control law

# Control error:

> Current state of the robots on the
Image vs desired states given by the
desired homography
# Switched control consisting of

three sequential steps:

step1{ V= °
w = the — ky (o — ) Image plane
Step 2{ v = pg — kvpm pmz\/(px—pg)z-l-(py—pg)Q
w = —ky (o, — 7
Ve = kw (am =) m = atan2 (—(pe — p2), (py — p))
cro 5] P =0 Ypm = atan2 (—(ph, — p}), (0}, — p}))
ep
w= ko (($m — Vrm) — (89 — ¥%,)) <) = (@', D!
pd = Opc/Ox
T Dpaumed Carlos Sagues Bl on Egenioriade Aragon 79
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Im

Multi robot control with flying camera (H)

# Steps 1-2 orientate and drive the robots toward their target locations.
In practice, they are carried out simultaneously:

v = pg — kv pm
Step 1 and 2 -

# Step 3 rotates the robots until they are in the required relative
orientation within the formation

v=2~0

>tep 3{ w=—ky ((¢m — Vrm) — (6% — ¥%))

age of desired
configuration itgpsh d p Step
S W &

g
g g g
i g wg

. on
BSElnes Ropotcs, Perception and Real Time Group ¥ Universidad Zaragoza
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Multi robot control with flying camera (H)

Top view Linear velocity: v Top view Homography entries

Angular velocity: o

Desired configuration: Desired configuration:

sitario de Inv:
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